Maternal nutrition during pregnancy and postnatal offspring nutrition may influence offspring traits. We investigated the effects of maternal and postweaning offspring dietary nitrogen on immune function and hematology in two species of rodent: the hispid cotton rat (Sigmodon hispidus), a primarily herbivorous rodent, and the fulvous harvest mouse (Reithrodontomys fulvescens), an omnivore. These two species responded differently to the same levels of treatment, with cotton rats primarily influenced by maternal diet and harvest mice by postweaning offspring diet. Cotton rats born to mothers on high-nitrogen diets had lower values of mean corpuscle volume and hemoglobin and greater concentrations of serum immunoglobulins. Spleen size, cell-mediated immune response, and the number of splenocytes and thymic platelets were lower in cotton rats born to mothers on low-and high-nitrogen diets. High-nitrogen offspring diet increased kidney and liver mass in cotton rats. Harvest mice had increased kidney mass on high-nitrogen maternal diets; however, changes in offspring diet after weaning reduced hematological parameters in individuals fed lownitrogen diets. Body length was also affected, with harvest mice born to mothers fed low-and high-nitrogen diets having shorter lengths. Splenocyte cellular activity was greater in offspring born to mothers on high-nitrogen diets in both species.
Protein Nutrition of Southern Plains Small Mammals: Immune Response to Variation in Maternal and Offspring Dietary Nitrogen Introduction
Immune function is the primary line of defense against infectious agents and is a major physiological mechanism that regulates individual survival (Lochmiller 1996; Lochmiller and Deerenberg 2000) . The traditional ecological view of immune function is one of energetic trade-offs (Lochmiller and Deerenberg 2000; Rådberg et al. 2002) . However, alternative hypotheses about the cost of immunity have been proposed, which include costs associated with damage from infection (Rådberg et al. 1998; Westneat and Birkhead 1998) and decreased antioxidant protection (Hõrak et al. 2006) . Although the hypothesis of energetic trade-offs has support, the complex nature of the immune system demands a complex explanation for the link between immunity and other physiologic processes.
There is evidence for an energetic trade-off between immunity, growth, maintenance, thermoregulation, and reproduction (Lochmiller and Deerenberg 2000; Norris and Evans 2000) that provides organisms with an "energetic choice" of which processes will be supported. Evidence supporting the energetic trade-off between immune function and other physiologic processes includes both direct and indirect sources. Measurements of direct metabolic costs associated with mounting an immune response have found a significant increase in metabolic rate after immune challenge (Demas et al. 1997; Eraud et al. 2005) . Specifically, there is evidence that immune maintenance costs are minimal but that mounting an immune response is costly (Derting and Compton 2003) . Therefore, to understand how individuals allocate energy among these processes, it is important to understand the costs associated with immunity and what role genetics, the environment, and nutritional state may play in determining the effectiveness of an individual's immune response (Klassing 1998; Derting and Compton 2003) .
Recently, evidence has suggested that offspring may receive benefits from not only their own nutritional state but also their mother's prenatal condition. Maternal effects have been known to influence reproductive characteristics such as offspring and litter size (Dobson and Michener 1995) , offspring sex ratio (Wiley and Clapham 1993; Boesch 1997; Dittus 1998; Sheldon and West 2004) , and offspring growth rates (Tardif and Bales 2004) . However, recent studies have also found evidence that a mother's condition may continue to affect offspring through their dispersal ability (Gaines and McClenaghan 1980) or survival (Kerr et al. 2007 ). Clearly, these maternal effects would be of great interest in regulating population dynamics and represent an important evolutionary link between the environment and an individual's physiologic state, including their ability to mount an effective immune response.
The high proportion of low-quality forage in the habitat and diet of most wild herbivores creates an environment where malnutrition is a common occurrence (White 1978; Belovsky 1986 ). However, the nutritional landscape is variable both spatially and temporally, providing opportunities for individuals to secure patches of good habitat. Individuals, especially reproductive females, within good-quality habitats may experience a nutritional boost that may give offspring benefits derived from their mother's condition, as well as allowing them to develop within good-quality habitat. As a result, offspring development should be affected by two major factors: maternal condition during pregnancy and postweaning nutrition of the offspring.
We investigated the effects of maternal and offspring dietary N on the immune system and hematology of small mammals native to the tallgrass prairie of the southern Great Plains. We chose two of the most common species in the southern prairie, the hispid cotton rat (Sigmodon hispidus; Cameron and Spencer 1981) and the fulvous harvest mouse (Reithrodontomys fulvescens; Spencer and Cameron 1982) , because of their dominant position by biomass and numbers within the ecosystem (Schetter et al. 1998; Brady and Slade 2001; Clark et al. 2005) and the difference in their diets. Cotton rats are primarily herbivores, consuming a mixture of monocots and dicots (Randolph et al. 1991) , whereas the harvest mouse is an omnivore with a substantial insect component (Meserve 1976; Vasquez et al. 2004 ). Because of their wild diets, cotton rats and harvest mice should differ in their ability to adjust to various levels of dietary N during reproduction.
Our objectives were to determine the effects of maternal and postweaning offspring dietary N on the immune system and hematology of two rodent species that exhibit widely different diets and life-history strategies. We predicted that generalist species, such as the cotton rat, would be adapted to habitats with variable forage quality and should therefore exhibit more plastic physiology. As a result, we hypothesized that cotton rat offspring would be most influenced by maternal nitrogen intake. Specifically, female cotton rats with low-quality forage would still produce offspring, but those offspring would be of lower physiologic quality. Conversely, species that specialize in higher-quality habitats, such as harvest mice, would be limited in their variability with respect to maternal effects (i.e., would only reproduce when nutrition was acceptable) but could show variation due to postweaning offspring diet. This study will provide information about the link between maternal condition, offspring diet, and immune function.
Methods
This study is a portion of a larger project investigating the effects of dietary nitrogen on rodent reproduction (Parsons 2001) . Captive colonies of cotton rats and harvest mice were formed using wild-caught individuals trapped at various sites in Payne County, Oklahoma. Research subjects were housed individually at the Laboratory Animal Resources facility at Oklahoma State University after capture and during pretrial and experimental periods. Specific methods for the housing of experimental animals are given by Parsons et al. (2005) . All animals were allowed at least 2 wk to adjust to captivity before experimentation. All fieldwork was conducted under the auspices of an approved animal care and use protocol and met guidelines recommended by the American Society of Mammalogists (1998) .
As part of the larger study, Parsons (2001) used seven isocaloric (17.3-18 kJ/g), pelleted experimental diets (Zeigler Brothers, Gardners, PA) formulated to represent a range of N levels. Each diet was formulated identically except for relative amounts of soybean meal and corn starch, which were varied to achieve ratios of 6%, 8%, 10%, 12%, 14%, 16%, and 20% crude protein (0.96%-3.2% N). These levels of dietary N reflect those consumed by free-ranging cotton rats (Randolph et al. 1991; Cameron and Eshelman 1996; Randolph and Cameron 2001) . Although wild harvest mice are somewhat insectivorous and likely encounter higher levels of dietary N in certain foodstuffs (Kincaid and Cameron 1982; Stancampiano and Caire 1995) , we believed that the range of experimental diets was sufficient to simulate the variability of N found in natural forage. Specific to this study, the seven experimental diets were grouped into one of three categories for the purpose of analysis: low (1.08%-1.90%), medium (2.01%-2.50%), and high (2.80%-3.67%) nitrogen in crude protein. These categories correspond roughly to a crude protein content of 6%-10% (low), 12%-14% (medium), and 16%-20% (high). However, because of variation in the N content of experimental diets, the actual N content was used to place experimental diets into the appropriate category (for a full description of experimental diets, see Parsons et al. 2005) .
A total of 18 cotton rats (eight low, five medium, five high) and 28 harvest mice (10 low, nine medium, nine high) mothers successfully produced a total of 93 and 100 offspring, respectively, and were used in this study. Mean offspring per mother was (cotton rat) and (harvest mouse). 5.2 ‫ע‬ 0.3 3.7 ‫ע‬ 0.2 Numbers of offspring composing specific mother/offspring dietary combinations are shown in Table 1 . Offspring were divided as described above and randomly assigned to an offspring diet.
Females of reproductive age were randomly selected and paired with sexually mature males for breeding. Each pair was housed in the same cage until it was evident that the female was pregnant. At that point, pairs were separated and females randomly assigned to one of the three experimental diets in a manner that ensured equal sample sizes. We attempted to place each female on her assigned ration at the beginning of the third trimester, using changes in body mass as a guide. We chose that time period because nutritional requirements of early gestation differ little from those of a nonpregnant condition, but they increase substantially after about 60% of the gestation period (Robbins 1993) . Gestation periods for cotton rats and harvest mice are 27 and 21 d, respectively (Parsons 2001) . Each female stayed on her designated diet from the third trimester Note. Numbers in parentheses for mother diet indicate the number of mothers in each category that produced the associated offspring.
of gestation through weaning. Food and water were provided ad lib. throughout the experimental period, and cotton was provided for nesting.
The first day that young were observed in the nest was designated as the date of parturition. Offspring remained with their mothers until weaning (∼18-21 d postparturition), at which time they were separated and placed individually into wiretopped plastic cages. Each individual offspring was randomly assigned to one of the experimental diets so that a maximum range of diets was represented in each litter. Weaned juveniles were supplied with food, in the form of their experimental diet, and water ad lib. for the duration of the experiment.
Hematology
Offspring from harvest mice and cotton rats were killed at 59-74 and 63-78 d postweaning, respectively. Individuals were killed by cervical dislocation after exposure to methoxyfluorane (Mallinckrodt Veterinary, Mundelein, IL) anesthesia. Epididymides, testes, uteri, and ovaries were removed, trimmed of fat, blotted dry, and weighed (g). Blood was obtained from the retro-orbital sinus plexus of anesthetized rats with heparinized capillary tubes. A 40-mL sample of blood was placed into 10 mL of Serano diluent, mixed, and counted on an automated cell counter standardized for cotton rat blood. The concentration of white blood cells (WBC), red blood cells (RBC), and hemoglobin (HGB), the hematocrit (HCT), the mean corpuscular volume (MCV), the mean corpuscular hemoglobin concentration (MCHC), and the number of platelets (PLT) were determined with a cell counter (Serano System 9000, Allentown, PA). Alterations in hematological parameters can indicate various states of health, including anemia (decreased RBC, HCT, HGB), reduced antibody or innate immunity (low WBC), lack of clotting (low PLT), and thrombosis (high PLT). Levels of circulating serum proteins indicate a general level of health, with higher circulating proteins associated with individuals in better condition.
Whole-blood smears were prepared by placing one drop of blood at the tip of a microscope slide and smearing the blood sample across the slide using a second slide. Blood smears were allowed to dry for 24 h, fixed with methanol, and stained using a combination of eosin and thiazine stain. The proportion of lymphocytes, neutrophils. monocytes, eosinophils, and basophils in 100 observed cells was counted using oil immersion (#1,000) on a light microscope.
Blood was also placed into a heparinized serum separation tube and centrifuged at 15ЊC, 1,200 g for 10 min. Serum was placed into tubes and stored at Ϫ70ЊC until it was used for serum protein and immunoglobulin analysis. Total serum protein concentrations were determined using a standard Biuret method and compared against a human serum standard (Kingsley 1942) . Total immunoglobulin concentrations were measured using an ammonium sulfate, sodium chloride precipitation assay (Bradford 1976) . Absorbance of both total protein and total immunoglobulin solutions was read on a spectrophotometer at 550 nm (total protein) and 555 nm (total immunoglobulins) after standardization with human serum protein.
Spleens were removed aseptically, weighed, and placed in sterile petri dishes containing RPMI 1640 culture medium supplemented with 10% horse serum (RPMI-HS, pH 7.2), 1.025% l-glutamate (200 mM), and 1.0% penicillin-streptomycin (10,000 U/mL-10 mg/mL). Spleens were dissociated into individual cells by homogenization using a sterile glass tissue grinder with 5 mL of RPMI-HS medium. Cell solutions were allowed to settle for 7 min, the supernatant was decanted, and cells were washed by centrifugation (8 min, 10ЊC, 220 g) and resuspended in 5 mL of fresh RPMI-HS medium. Erythrocytes were lysed by washing cells in 5 mL of Tris-buffered ammonium chloride (0.83%, pH 7.2), followed by a wash with 5 mL RPMI-HS. Cells were counted using an automated cell counter, adjusted to a final concentration of 500,000 cells/90 mL, and maintained in RPMI-HS.
Paired popliteal nodes were removed from individuals, weighed, and placed into 3 mL of RPMI-HS. Popliteal nodes were homogenized, and the concentration of white blood cells and platelets found in popliteal nodes was measured by placing a 20-mL sample of the homogenate into 10 mL of Serano diluent for use in an automated cell counter.
MTT Assay
Proliferation assays measure the ability of immune cells involved in cell-mediated immunity-specifically, splenocytes/ lymphocytes-to respond to growth signals. After preparation of splenocyte solution, 90 mL of adjusted spleen cell suspension was added in triplicate to appropriately labeled wells in a 96-well flat-bottomed plate. Cells were incubated at 37ЊC for 12 h in a CO 2 incubator. After incubation, 10 mL of 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT) working solution (5 mg/mL phosphate-buffered solution [PBS] ) was added to each well and returned to the incubator for 3 h. An acidic isopropanol solution (0.04 M HCl in absolute isopropyl alcohol) was added to stop the reaction. The amount of tetrazolium salt transformed by cells to a dark blue formazan was Figure 1 . Effects of maternal dietary nitrogen on body length of harvest mouse (Reithrodontomys fulvescens) offspring born to mothers fed a diet low (6%-10%), medium (12%-14%), or high (16%-20%) in nitrogen during their third trimester of pregnancy. Significance is indicated by different letters. measured by agitating culture trays for 1-2 min and then reading the light transmission through the cell solutions in a spectrophotometer set with dual peaks of 570 and 630 nm.
Hypersensitivity
Hypersensitivity tests measure in vivo immune response to a foreign agent. This represents only cell-mediated, not humoral, immune response. In vivo cell-mediated immune response was measured by hypersensitivity reaction to injections of PBS (pH 7.2) and phytohemagglutinin (PHA-P), as described by Wilson et al. (2003) . Individuals were given an intradermal injection of 100 mL (cotton rats) or 25 mL (harvest mice) of PHA-P (stimulant; 2.5 mg/mL PBS) on one rump and a PBS-only injection (control) on the opposite rump. Skin-fold thickness (24 h postinfection) was measured to the nearest 0.001 in using a micrometer. The difference between the initial and 24-h postinjection skin-fold thickness was calculated for PBS and PHA-P, and the ratio of PHA-P to PBS reactivity was used as an index of immune response. The PBS-only injection functioned as a sham injection to control for the effects of the act of injecting the individual.
Statistical Analyses
Comparisons involving organ size are confounded by problems associated with scaling. To account for scaling by body size, organ weights were analyzed using residual variation. A regression of organ mass versus body mass was made using PROC REG, and the residual variation values were exported to a new data set. Residuals were then used for comparing treatment types with ANOVA.
Analysis of immune effects was performed using a split-plot design, with maternal diet (low, medium, high) as the wholeplot factor and offspring diet (low, medium, high) as the subplot factor. Due to the presence of randomly assigned mothers (random effects) and fixed offspring (fixed effects), PROC MIXED was used to calculate F-test values, with Satterthwaite's approximation used to calculate the degrees of freedom for the error term (SAS Institute 2000). If there were no significant interactions, differences in the main effects were compared using the PDIFF option in the LSMEANS statement. Differences in terms with significant interactions were compared using the SLICE option in LSMEANS. Comparisons using LSMEANS were performed using a Bonferroni adjustment to reduce the likelihood of generating Type I errors. All data are presented as error, and all differences were considered mean ‫ע‬ standard significant at the level. a p 0.05
Results
A total of 28 female harvest mice and 18 cotton rats successfully produced offspring for use in this experiment. Litter size differed for each species, with harvest mice producing litters of 1-5 offspring ( offspring), whereas cotton rats had 3.7 ‫ע‬ 0.2 litters of 3-8 ( offspring vest mice and cotton rats, kidney mass was greatest when exposed to high-nitrogen diets; however, in harvest mice, maternal diet ( , ) was the influential factor, F p 3.08 P p 0.05 2, 89 whereas in cotton rats it was offspring diet ( , F p 8.34 2, 82 ). In harvest mice, kidney mass was significantly P p 0.0005 greater for offspring reared from mothers on high-nitrogen diets (Fig. 2) . Similarly, kidney mass also differed in cotton rats; however, these differences were due to offspring diet instead of maternal diet (Fig. 2) . In addition, liver mass also showed a difference ( , ) due to offspring diet, with F p 3.00 P p 0.05 2, 82 lower liver mass in cotton rat offspring reared on low-nitrogen diets ( g) compared with offspring fed medium-3.04 ‫ע‬ 0.14 ( g) or high-nitrogen ( g) diets. No ma-3.35 ‫ע‬ 0.08 3.40 ‫ע‬ 0.11 ternal effects were observed in cotton rats for these organs. However, maternal effects were observed in the mass of spleens in cotton rats ( , ; Fig. 3A ). In addition, F p 5.70 P p 0.005 2, 84 the number of splenocytes within the spleen was also affected by maternal diet ( , ; Fig. 3B ). F p 10.06 P p 0.0001 2, 82 Reproductive organs also showed a dietary effect in both harvest mice and cotton rats. There were no differences detected for uterus size in either harvest mice or cotton rats. However, ovary mass showed an effect from maternal diet in harvest mice ( , ), with offspring born to mothers on a F p 3.32 P p 0.05 2, 40 low-nitrogen diet having significantly lower ovary mass ( g) than offspring from mothers fed medium-0.0029 ‫ע‬ 0.0004 ( g) or high-nitrogen ( g) diets. 0.0052 ‫ע‬ 0.0006 0.0048 ‫ע‬ 0.0011 No differences in ovary mass were detected for cotton rats. Testes mass showed a maternal diet effect in both harvest mice Figure 2 . A, Effects of maternal (harvest mice) or offspring (cotton rat) dietary nitrogen on kidney mass (g/g body mass) of mother or of offspring fed a postweaning diet low (6%-10%), medium (12%-14%), or high (16%-20%) in nitrogen. B, Effects of offspring dietary nitrogen on liver mass (g/g body mass) of cotton rats. Significance is indicated by different letters. spring from both species born to mothers on high-nitrogen diets showed increased splenocyte metabolism (Fig. 5A) . However, tests of cell-mediated immune response (delayed-type hypersensitivity response) showed only a maternal effect within cotton rats ( , ; Fig. 5B ). Cotton rat off-F p 4.34 P p 0.02 2, 84 spring born to mothers on low-and high-nitrogen diets had lower responsiveness than offspring born to mothers on medium-nitrogen diets.
Hematological parameters showed different treatment effects for each species, with maternal diet predominantly affecting cotton rats and offspring diet predominantly affecting harvest mice (Table 2) . Within harvest mice, offspring reared on lownitrogen diets showed the only significant differences. ); however, the differences were due to maternal diet, P p 0.002 with offspring born to mothers fed a high-nitrogen diet having higher MCV and MCH (Table 2) . Within cotton rats, an offspring effect was also observed for MCV ( , F p 10.13 P p 2, 82 ) and MCH ( , ), with no significant 0.0001 F p 4.99 P ! 0.0009 2, 77 interactions between mother and offspring diet. With respect to the effect of offspring diet, MCV of offspring reared on lownitrogen diets, regardless of maternal diet, had significantly lower corpuscle volume compared with offspring reared on medium-or high-nitrogen diets (Table 2 ). An identical pattern was observed for MCH, with offspring reared on low-nitrogen diets having lower MCH than offspring on low-or mediumnitrogen diets (Table 2) . Additional maternal effects were observed in serum protein and immunoglobulin levels, with off- Figure 4 . Effects of maternal dietary nitrogen on (A) ovary mass (g/g body mass) and (B) testes mass (g/g body mass) born to mothers fed a diet low (6%-10%), medium (12%-14%), or high (16%-20%) in nitrogen during their third trimester of pregnancy. Significance is indicated by different letters. spring born to mothers on high-nitrogen diets having higher levels of total serum immunoglobulins ( , F p 6.91 P p 2 ,49 ) and proportionately more as the percentage of serum 0.002 protein that are immunoglobulins ( , ). F p 5.92 P p 0.005 2, 49 Finally, a maternal effect was observed for the number of thymic platelets ( , ), with offspring born to moth-F p 4.34 P p 0.02 2, 69 ers on medium-nitrogen diets having more platelets than offspring whose mothers had low-or high-nitrogen diets.
Discussion
In this study, offspring from both cotton rats and harvest mice showed alterations in the development of their immune system as a result of changes in maternal and/or offspring dietary nitrogen levels. Although individual parameters differed in their response to nitrogen levels, there was a clear trend in the relative importance of maternal and offspring nutrition for the observed differences. Specifically, harvest mice were most affected by changes in offspring diet, whereas cotton rats showed more maternal diet effects.
Harvest mouse offspring did not show any alterations to their organ morphology and showed only minor (!5%) reduction in overall body length. In addition, harvest mice showed no alterations in their innate immunity or cellularity. The only alterations observed were to the functioning of the immune system, with a 27.5% increase in splenocyte metabolism and a 9.5% increase in total serum protein and decreases of 5.5% and 2.5% in MCV and MCHC, respectively.
Cotton rats in this study had a trend toward maternal effects, including a 14% reduction in spleen size; reductions in splenocyte counts, innate immune function, thymic platelet levels, and corpuscular volume and hemoglobin content; and increased splenocyte activity and serum immunoglobulin levels. However, offspring diet also contributed to lower organ mass, with kidneys and liver being 9.3% and 7.0% lower in offspring fed a low-nitrogen diet. Previous studies on the effects of protein restriction on immune development and function show similar effects. Davis et al. (1995) found that weanling cotton rats fed moderate-or low-protein diets had reduced numbers of splenocyte subpopulations (B and T cells). In addition, a low-protein offspring diet adversely affected the development of numerous immune organs, resulting in reduced spleen, thymus, and lymph nodes. Davis et al. (1995) also found that .00
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Note. Offspring were born to mothers fed a diet low, medium, or high in nitrogen. After weaning, offspring from each mother were separated and themselves were fed a diet low, medium, or high in nitrogen. Observed differences among the offspring were the result of either maternal diet (mother) or offspring diet (offspring). Superscripts with different letters indicate statistical differences.
protein restriction reduced hemoglobin levels and corpuscle volume, as was observed in this study. It is important to note that this study is the first to include both maternal and offspring dietary effects on immune function in either cotton rats or harvest mice.
There are few studies investigating the effects of excess nitrogen in the diets of wild herbivores. However, this lack may be of growing concern because current and future fertilizer use and climatological changes may increasingly favor high-nitrogen plants. Our results indicate that, contrary to our a priori assumptions, at higher dietary nitrogen, individuals may face increasing energetic demands from the excretion of excess nitrogenous compounds, which may lead to decreased immune function. Although we did not measure metabolic rate or nitrogen excretion during this study, a concurrent study from the same lab measured nitrogen excretion in the same species (Parsons 2001; Clark et al. 2005) . Parsons (2001) found that changes in liver and gut morphology were associated with both maternal and offspring dietary nitrogen. Clark et al. (2005) , using results from Parsons (2001) , found that increasing dietary nitrogen is associated with increased urinary nitrogen output and that with increasing dietary nitrogen, harvest mice increase nitrogen output faster than cotton rats. This provides indirect support for the hypothesis that the energy needed to eliminate excess nitrogen may reduce energy available for immunity.
Our results showed that in both harvest mice and cotton rats, kidney size increased with dietary nitrogen (maternal diet for harvest mice, offspring diet for cotton rats). Liver size also increased in cotton rats with increased dietary nitrogen (again, offspring diet). Similarly, Derting and Hornung (2003) found a positive correlation between dietary nitrogen and dry kidney mass in white-footed mice. Although our results are from a laboratory study, wild rodents face increased dietary nitrogen through alterations in habitat quality due to seasonal anthropogenic factors, such as grazing (Mellado and Olvera 2008) . Animals exposed to high-nitrogen diets during times of additional stress (i.e., dehydration) may face increased energetic and water demands from increased kidney activity (Hewitt et al. 1981) . Increased energetic demands associated with highnitrogen diets may be responsible for our observed decrease in immune and hematological parameters in individuals on highnitrogen diets. However, the hypothesis that individuals are facing an energetic cost to either increased or limited nitrogen is one plausible explanation among many, and it is not clear whether this cost would be sufficient to impose an energetic trade-off with other systems. Clearly, there is a great need to study the details of energetic demands among many species in various ecological systems. Parsons (2001) found that harvest mice fed nitrogen-restricted diets do not alter litter size or offspring mass until they reach a critical level of dietary nitrogen (1.3% N) where they stop reproduction altogether. Cessation of reproduction under lownitrogen diets (Parsons 2001 ) and the lack of maternal effects observed in this study suggests that there is a high nitrogen requirement for successful reproduction in harvest mice. In addition, the relative stability of harvest mouse offspring under varying conditions of maternal and offspring dietary nitrogen supports the hypothesis that harvest mice are less able to adjust for a poor-quality diet during pregnancy and will reproduce only when they have sufficient dietary nitrogen to produce "normal" offspring. This is likely a response to the high-protein diets that harvest mice typically have (Meserve 1976; Vazquez al. 2004) .
Studies have shown that cotton rats are able to breed under a wide variety of conditions . Although cotton rats are able produce young under suboptimal conditions, the immune system of these young may be compromised (McMurry et al. 1994a (McMurry et al. , 1994b , and the date of first estrus may be delayed . Some evidence suggests that the presence of high-protein forage (dicots, insects, and seeds) allows cotton rats to maximize their growth potential, resulting in high-density populations (Shetter et al. 1998 ). Cameron and Eshelman (1996) also found that cotton rats raised on a diet mimicking a strictly monocot diet (i.e., 4% protein) had lower body mass, growth rate, and lower tissue protein levels. However, some deficiencies may be overcome if sufficient nutrition is consumed later in life , leading to a bethedging strategy for cotton rat reproduction.
Rodents living in the wild must obtain enough nutrients to support maintenance, growth, and reproduction. As a result, they are faced with making trade-offs about where to establish their home range, how much time to spend foraging, and when to reproduce. Many of these decisions are based on the amount of forage present in their environment and will have an impact not only on their growth but also on the development of their offspring's immune system. Kincaid and Cameron (1982) found that although female cotton rats were found in monocotdominated habitat during most of the year, they switched to patches with more dicots during lactation, presumably in an effort to increase protein intake during an energetically demanding period. This shift in forage quality also would aid in preventing the immune and morphological effects observed in this study. This is reinforced by Eshelman and Cameron's (1996) observation that cotton rats would inhabit patches with low cover as long as they were supplemented with high-protein (15% N) food. Given the negative impact of high-nitrogen diets observed in this study, it is unclear whether cotton rats would continue to inhabit such patches if the protein was increased to the high levels (16%-20% N) used in our study.
Neonatal and juvenile mortality is high among wild mammals (Clutton-Brock et al. 1987) and is dependent on maternal condition during gestation (Mech et al. 1991) . As a result, it has been hypothesized that there is a direct link between the nutritional status of females during gestation, immune function in offspring, and offspring survival to maturity (Lochmiller and Dabbert 1993; Lochmiller 1996; Lochmiller and Deerenberg 2000) . In mammals, the last trimester of gestation and preweaning growth represent the stages of development most susceptible to nutritional deficiencies because they are characterized by rapid cellular proliferation (Lochmiller et al. 1982 ). Laboratory-induced nutritional deficiencies that occur during late gestation have been shown to cause immunosuppression similar to that observed in this study. Gebhart and Newberne (1974) showed that maternal protein restriction during late gestation reduced cell-mediated and humoral immunity in offspring, even though mothers and offspring were fed a normal diet after parturition. Similarly, serum complement levels were reduced by one-third in offspring born to mothers fed a diet consisting of 8% protein (Watson et al. 1976 ). In addition, malnutrition during development may continue to affect immune function into the F1 and F2 generations (Chandra 1975) .
Although both harvest mice and cotton rats showed reductions in immunity or hematology, the stark difference in the factors leading to these changes (i.e. maternal vs. offspring) suggests that these two species differ in their ability to cope with a nutritionally poor diet. Cotton rats are able to adjust their reproduction to accommodate a diet poor in nitrogen, whereas harvest mice cannot. Parsons (2001) suggests that harvest mice use a different reproductive strategy than cotton rats. Whereas cotton rats will reproduce under almost any condition, producing suboptimal offspring, harvest mice will reproduce only under conditions where they can afford to produce optimally viable offspring. Clearly, understanding the difference in the relative importance of maternal and offspring nutrition is important to the conservation of wild mammals. This is especially relevant given recent anthropogenic increases in nitrogen deposition that may significantly alter the plant community and change the nutritional structure of the landscape (Tilman 1987; Carson and Barrett 1988; Vitousek 1994; Bobbink et al. 1998; Matson et al. 2002) .
